Felsic volcanic rocks exposed in the Frasnian Gafo Formation, in the Azinhalinho area of Portugal, display very similar geochemical signatures to volcanic rocks from the Iberian Pyrite Belt (IPB), located immediately to the south. The similarities include anomalously low high field-strength elements (HFSE) concentrations, possibly caused by low-temperature crustal melting, which translate into classification problems.
Introduction
A small sequence of felsic volcanic rocks crops out near the village of Azinhalinho,~20 km south of Beja, Portugal (Fig. 1 ). This area is located in the transition zone between the Iberian Pyrite Belt (IPB) and the Pulo do Lobo Antiform. These two domains are both part of the South Portuguese Zone (SPZ), the southernmost tectonic unit of the Iberian Massif of the Variscan Orogenic Belt (Julivert et al., 1972) . The IPB is interpreted as corresponding to an intracontinental rift zone related to an oblique subduction regime. As a result of the northward-trending subduction beneath the Ossa Morena Zone, an accretionary prism comprising the Pulo do Lobo sediments developed.
Traditionally, the volcanic rocks from Azinhalinho have been interpreted as being within turbiditic shales and greywackes of the Frasnian Gafo Formation of the Chança Group (Pulo do Lobo Antiform), which was thrust over younger formations of the IPB, immediately to the south (Oliveira et al., 1988 . This has raised the question of whether the volcanic rocks from Azinhalinho correspond to an episode of volcanism that predated extrusive volcanism in the IPB or whether both sets of rocks were broadly synchronous, but that the Azinhalinho igneous activity was intrusive rather than extrusive.
In order to establish the relationship between the Azinhalinho volcanic rocks and volcanic rocks from the IPB, we report on the petrography, lithogeochemistry and radiometric ages of the former. This is particularly relevant as the volcanogenic massive sulphide (VMS) deposits of the IPB, which are among the largest in the world, are associated with felsic volcanic rocks. While some U-Pb data on volcanic rocks from the IPB are available (Dunning et al., 2002; Barrie et al., 2002; Rosa et al., 2008) , we report new radiometric data for the felsic rocks hosted in the Gafo Formation.
Geological setting
The volcanic rocks from Azinhalinho occur immediately to the SW of the quartzite-rich Pulo do Lobo Formation and associated Atalaia Formation (Fig. 1) . The volcanic rocks occur within siliceous shales, greywackes and quartzwackes, which are interpreted as belonging to the Gafo Formation. According to Oliveira et al. (2006) and Pereira et al. (2006) , the Gafo Formation yielded Lophozonotriletes media spores, corresponding to the BM Biozone of Frasnian age (374.5À385.3 Ma, Gradstein et al., 2004) . Two apparently continuous bands of volcanic rocks run NWÀSE, the northeastern FIG. 1. Simplified geology of the South Portuguese Zone (modified after Quesada, 1991) and detail of the Azinhalinho area.
band containing intensely chloritized granular felsic to intermediate (dacite) rock and the southwestern one containing granular felsic rock (rhyodacite) (Fig. 1 ). Outcrops along these bands are poorly preserved and contacts with enclosing rocks are difficult to observe, despite continuous exposure along the Terges creek and the IP2 road. Additionally, small discontinuous tabular bodies of coarse quartz-feldspar-phyric porphyry occur throughout the area.
As the result of the Variscan orogeny, the area has been affected by low-grade regional metamorphism at greenschist facies (Munhá, 1990) and deformation is characterized by SW-verging folds. We collected eight samples of metasedimentary rocks from the Gafo Formation, and 26 samples of volcanic rocks hosted by that formation. Sample numbers were given the prefix VA and are now in the INETI collection in Portugal.
Methods

Petrography and lithogeochemistry
Thin sections of representative samples were prepared and a preliminary petrographic study conducted on them, using transmitted and reflected light microscopy. This allowed us to identify the minerals and to characterize the rock textures. Additionally, cathodoluminescence (CL) observations were performed using a Technocyn Mark 4 cold cathode CL, attached to an optical microscope and a sensitive DVC1310-C CCD camera operated using XCAP-Lite software at the University of St Andrews, UK. To complement the petrographic study, 19 samples were subjected to multi-element analysis. These samples were crushed in a tungsten alloy jaw-crusher and subsequently pulverized in an agate ring mill. The obtained powders were analysed for a suite of trace elements at Actlabs, in Canada: Au, As, Co, Cr, Cs, Hf, Ir, Sb, Sc, Se, Ta, Th, U, W, La, Ce, Nd, Sm, Eu, Tb, Yb and Lu by instrumental neutron activation analysis (INAA); and Ag, Cd, Cu, Mo, Ni, Pb, Zn, Be, Bi, V and S by inductively coupled plasma optical emission spectroscopy (ICP-OES). Major elements and Nb, Zr, Sn, Ba, Ga, Rb, Sr and Y were determined by X-ray fluorescence (XRF) on fused discs, at the INETI laboratory in Porto, Portugal. Analyses of standards indicated that the values obtained on the unknowns are accurate. The XRF provided a precision of better than 5%, whereas Actlabs' internal duplicate results were shown to be within 10%.
Preparation and characterization of samples for geochronology
Samples for the geochronology study were collected at the locations indicated in Fig. 1 . Zircon grains were separated from samples using standard density and magnetic procedures, at the Department of Geography and Geosciences of the University of St Andrews and at the Department of Geosciences of the University of Oslo. These procedures included the crushing of samples in a jaw crusher, followed by sieving of the <425 mm fractions. The heavy minerals from these fine fractions were then separated using tetrabromoethane or hetero-polytungstate solution. Subsequently, the heavy mineral fraction was separated into fractions with different magnetic susceptibilities using a Frantz isodynamic separator. Finally, zircons were handpicked under a binocular microscope from the nonmagnetic fraction, mounted in epoxy and polished. Detailed imaging of each grain was carried out using CL and backscattered electron imaging, using a Jeol JSM-6460LV scanning electron microscope. Particular care was given to the identification of inherited cores and limits between different generations of magmatic zircons, to ensure that analyses did not overlap different domains.
LA-ICP-MS
U-Pb dating was performed using a Nu Plasma HR multicollector ICPMS at the Department of Geosciences, University of Oslo, which is equipped with a U-Pb collector block (for design details of the Nu Plasma U-Pb collector block, see Simonetti et al., 2005) . A New Wave LUV213 Nd:YAG laser microprobe was used. Samples were ablated in He gas (gas flow = 1.0 l/min) in an ablation cell similar to that of Jackson et al. (2004) . The He aerosol was mixed with Ar (gas flow = 0.7 l/min) in a teflon mixing cell prior to entry into the plasma. The gas mixture was optimized daily for maximum sensitivity. All analyses were made in static ablation mode, with the laser beam focused in aperture imaging mode with a circular spot geometry. This produced circular, flat-bottomed ablation pits. U-Pb ages and Hf isotope data were determined individually on adjacent spots, using laser operating conditions (see below) which secured maximum preservation of the unablated part of the zircon. U-Pb analyses were carried out according to protocols described by Andersen et al. (2007) and Røhr et al. (2008 À5 V), and has been stable at that level over a three-year period. The contribution of 204 Hg from the plasma was eliminated by on-mass background measurement prior to each analysis. At the low laser energy used, there was no excess ionization of 204 Hg from the gas supply during ablation, so that the on-mass background measurement is representative for the conditions during analysis. Analyses which yielded peak/background ratios at mass 204 of less than 1+36RSD B (where RSD B is the observed relative standard deviation of the onpeak background measurement), were considered to have common lead below the detection limit. Typically, this amounts to a backgroundcorrected signal strength on mass 204 of 1.5610 À6 V. For comparison, standards 91500 and GJ-1, which are known to contain n e g l i g i b l e a m o u n t s o f c o m m o n l e a d (Wiedenbeck et al., 1995; Jackson et al., 2004) gave background corrected signal strengths <1.0610 À6 V, i.e. well below the detection limit. In the present study, samples showing common lead contents above the detection limit were discarded. In contrast, background levels at masses 206 and 207, which are not influenced by isobaric overlap from contaminating nuclides are 4300 cps (45610 À6 V). Signal strengths on mass 206 for Phanerozoic zircons were typically >> 10 À4 V, depending on the uranium content of the zircons.
One or two calibration standards were run in duplicate at the beginning and end of each analytical session, and at regular intervals during sessions. Raw data from the mass spectrometer (converted to volts) were corrected for background, laser-induced elemental fractionation, mass discrimination and drift in ion counter gains and reduced to U and 206 Pb concentrations and UÀPb isotope ratios by calibration to concordant reference zircons of known age, using protocols adapted from Andersen et al. (2004) and Jackson et al. (2004) . Standard zircons GJ-01 (609Ô1 Ma; Belousova et al., 2006) and 91500 (1065Ô1 Ma; Wiedenbeck et al., 1995) were used for calibration. The calculations were done off-line, using an in-house interactive spreadsheet program written in Microsoft Excel TM /VBA, but with the most computationheavy routines written in C for greater speed of calculation.
Background U isotope ratios were plotted as traces of observed voltage and voltage ratios against ablation time, and timeintervals which were homogeneous in isotopic composition were selected interactively for integration. To minimize the effects of laserinduced elemental fractionation, the depth-todiameter ratio of the ablation pit was kept low, and isotopically homogeneous segments of the time-resolved traces were calibrated against the corresponding time interval for each mass in the reference zircon. To compensate for drift in instrument sensitivity and Faraday vs. electron multiplier gain during an analytical session, a linear correlation of signal vs. time was assumed for the reference zircons.
The calibration software incorporates two different algorithms for the conversion of background-and drift-corrected signal ratios to isotope and element ratios. The simplest approach assumes that the isotopic ratio is a linear function of signal ratio and time, i.e.
where y is the isotopic ratio to be determined, x is the observed voltage ratio and t the time since the start of the analytical session. The coefficients a and c are determined by linear regression of the calibration standards. This approach is equivalent to that incorporated in the commercial software package GLITTER (van Achterberg et al., 2000) . One or more standards can be used to determine a and c by linear regression. At high counting rates on the ion counters (typically >100000 cps), effects of deadtime and deviations from detector linearity affect the results. These can be compensated by introducing a second-order term in the calibration equation:
The coefficients a, b and c are determined by regression of data from two or more reference samples. The estimated uncertainties in isotope ratios incorporate error terms from counting statistics on signals and backgrounds for the relevant masses measured on standards and unknowns, the standard error of the regression line determined from standards, and the published uncertainty of the calibration standards. The terms have been propagated through, using standard error propagation algorithms (e.g. Taylor, 1997 Sláma et al., 2008) reference zircons were run as unknowns; data obtained during this study are given in Table A1 and Fig. A1 . Table A1 is deposited with the Principal Editor of Mineralogical Magazine and is available from w w w . m i n e r s o c . o r g / p a g e s / e _ j o u r n a l s / dep_mat_mm.html
Petrography
The chloritized granular felsic to intermediate rock (dacite) is medium-grained, holocrystalline and equigranular. Its texture is intergranular, with anhedral quartz, plagioclase and K-feldspar grains. Some samples contain hornblende, which is commonly chloritized. Accessory apatite needles are ubiquitous. The granular felsic lithology (rhyodacite) is also a medium-grained holocrystalline equigranular rock. However, hornblende is absent and alteration to chlorite is therefore scarce. In addition, quartz and feldspar occasionally display granophyric intergrowths. The quartz-feldspar-phyric porphyry contains large (<4 mm) quartz and, in smaller amounts, feldspar and plagioclase phenocrysts in a microfelsitic groundmass. These quartz phenocrysts are occasionally euhedral, but frequently display resorption embayments and reaction rims.
The quartz in these rocks has a weak blue luminescence, with no evidence of zoning. This suggests a relatively simple crystallization history during quartz growth, without abrupt variations in magma composition and/or temperature.
Accessory amounts of zircon are present in the three rock types, as prismatic crystals,~100 mm long. The CL of these crystals exhibits complex oscillatory zoning patterns, providing evidence for multistage growth histories, with possible inherited cores. The morphological study of the zircon grains, based on recognition of the crystal forms in CL images, using the method of Belousova et al. (2006) , shows that most zircons from the Azinhalinho volcanic rocks have a developed {110} prism and both {101} and {211} pyramids, with the former being generally better developed. These zircons therefore correspond to subtypes S8 and/or S9 of Pupin's (1980) typological classification. These morphological features are typical of zircons from low-temperature aluminous rocks, of mainly crustal origin. In some grains, the zoning suggests that the zircon morphology, with a well developed {110} prism and with {211} as the predominant pyramid, constitutes overgrowths on zircon with {100} prism or with similar amounts of the two pyramids, corresponding to subtypes S22 and/or S23 (Fig. 2) . This would suggest that zircon crystallized while the magma cooled and became slightly more alkaline.
All rock types contain accessory amounts of goethite pseudomorphs after pyrite. Some samples retain trace amounts of pyrite and/or chalcopyrite.
Lithogeochemistry
Lithogeochemistry data for the more relevant elements are presented in Table 1 . On immobile elemental plots, using Al, Zr and Ti, for example, the three different rock types plot along distinct alteration lines that converge towards the origin, reflecting elemental covariation, despite some (1989) , the granular felsic rock samples plot within the rhyolite field, but towards the dacite end (Fig. 3) . The quartz-feldspar-phyric porphyry samples plot clearly within rhyolite.
However, considering the mobile nature of the elements used in this diagram, these results should be treated with caution. To avoid the problems with mobility of major elements, a diagram using immobile elements can be used. In the Winchester and Floyd (1977) diagram, the porphyry and the granular felsic samples plot in the rhyodacite/ dacite fields (Fig. 4) . In this case, the classification of these rocks on the TAS diagram, discussed above, partially reflects silicification processes previously described in IPB rocks (Rosa et al., 2004) . The chloritized granular felsic to intermediate rock plots on the dacite field of the TAS diagram (Fig. 3) , compatible with the presence of hornblende in thin section. However, on the Winchester and Floyd (1977) diagram, these rocks plot between the andesite and andesite/ basalt fields (Fig. 4) . This is in stark contrast to the petrography and is interpreted to be the result of anomalously high Ti concentrations, coupled with anomalously low Zr concentrations caused by the low-temperature crustal fusion that generated the magma that yielded this rock type. Rosa et al. (2004) reported on similar classification problems with felsic rocks from Albernoa, <5 km to the south of Azinhalinho, but within the IPB. Elsewhere, this type of problem has been reported by Piercey et al. (2001) and Lentz (1999) for felsic rocks from the Finlayson Lake District, Yukon, and Bathurst, New Brunswick, respectively.
Geochronology
The U-Pb analytical results, for zircon grains from three samples of volcanic rocks, are compiled in Table 2 . An extended version of Table 2 , incorporating signal voltages, is deposited with the Principal Editor of Mineralogical Magazine and is available from www.minersoc.org/pages/ e_journals/dep_mat_mm.html. Concordia ages were calculated using ISOPLOT version 3 (Ludwig, 2003) , with errors reported at the 95% (Ô2s) confidence level.
The best estimate of the crystallization age of sample VA12, a granular rhyodacite, is 356Ô1.4 Ma, based upon the analyses of 26 concordant zircon grains (Fig. 5) . Sample VA15, a rhyodacite porphyry, yielded 13 zircon grains, most of them plotting slightly off the concordia line, probably because of some common Pb contamination (Fig. 6) . The clear and euhedral zircon grains provide a timing for the emplacement of this sample at 355Ô2.5 Ma. Another rhyodacite porphyry sample, VA 16, yielded 19 concordant zircon grains, providing an age of 356Ô1.5 Ma (Fig. 7) .
In addition to the discussed magmatic zircon grains, six grains from VA12 and one from VA16 indicate a Neo-proterozoic inheritance (Fig. 8) .
Discussion
When plotted on the tectonic discrimination diagrams of Pearce et al. (1984) , the Azinhalinho rhyodacites and dacites display volcanic arc signatures (Fig. 9) . It is possible that the low temperature of crustal fusion affects the high field-strength elements (HFSE) concentrations and renders these diagrams inappropriate, for IPB rocks (Rosa et al., 2004 , for which a strike-slip tectonic model imposed by oblique subduction is proposed by Silva et al. (1990) and Quesada (1991) , compatible with a within-plate geochemical signature. It is apparent then, from the geochemical data, that the Azinhalinho rocks can be compared to felsic rocks from the IPB. The granular rhyodacite and the rhyodacite porphyry can be compared with felsic rocks from Serra Branca . These rocks have HFSE concentrations that provide relatively consistent results in the Winchester & Floyd (1977) diagram. However, the temperature of crustal fusion may not have been high enough to cause complete melting of the refractory phases in which HFSE reside and therefore they provide confusing results on the tectonic discrimination diagrams of Pearce et al. (1984) . The Azinhalinho granular dacite corresponds to a less evolved equivalent of the rhyodacites present in Albernoa (Rosa et al., 2004) , just a few km to the south, with both rock types displaying characteristic anomalously low Zr and other HFSE concentrations. These anomalous characteristics clearly affect their classification on the Pearce et al. (1984) and Winchester and Floyd (1977) fields.
Biostratigraphic research, based on palynomorph data indicates that the Gafo Formation belongs to the BM Biozone of Frasnian age Pereira et al., 2006) . Therefore, the Gafo Formation was deposited between 385.3 and 374.5 Ma (Gradstein et al., 2004) , synchronously with Phyllite-Quartzite Group sedimentation in the IPB basin. This is in contrast to the statistically identical radiometric ages reported here, assigning Tournaisian ages for the Azinhalinho volcanic rocks. In this case, the radiometric ages obtained suggest that the Pearce et al. (1984) .
Same symbols as in Figs 3 and 4.
Azinhalinho volcanic rocks were intruded into the older Frasnian Gafo Formation. Considering that the IPB volcanism extends from the Famennian to the Visean (Dunning et al., 2002; Barrie et al., 2002; Rosa et al., 2009) , one can conclude that the Azinhalinho volcanism, in addition to being geochemically similar, was synchronous with IPB volcanism. The Azinhalinho volcanic rocks can therefore be interpreted as feeders that cut across older rocks to generate the IPB volcanism stratigraphically above.
Conclusions
Based on the similar geochemical signatures of the volcanic rocks from Azinhalinho and the volcanic rocks from the IPB, we consider that the Azinhalinho volcanism was formed in a setting similar to that of the IPB volcanism, i.e. withinplate volcanism resulting from oblique collision. A Neo-Proterozoic component was present in the zircons during formation of Azinhalinho magmas, as indicated by inherited zircon grains present in some volcanic rock samples. This is consistent with derivation of magmas by partial melting of crust, which is further supported by the morphological features of the igneous zircon, and is similar to what has been proposed for IPB magmas.
Radiometric data show that the Azinhalinho volcanism was marked by the emplacement of rhyodacite porphyry and granular rhyodacite, at 356 Ma (Tournaisian). These data confirm that the Azinhalinho and IPB volcanisms were broadly contemporaneous. Since Azinhalinho volcanic rocks are hosted in older Frasnian Gafo Formation, this volcanism must have had an intrusive nature, likely corresponding to feeders to IPB volcanic rocks.
